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Introduction
In situ hybridization (ISH) is a powerful tool for the detection of specific nucleic acid sequences in individual cells (12, 20, 24) , tissue sections (19,27), whole body sections (9) , and chromosomes (10) . ISH is used to identify cell types, to monitor individual cell functions, to localize chromosomal arrangement of genes, and to discover infectious agents (llJ6). For ISH, permeabilization of the cells is necessary to enhance accessibility of the probe to the target nucleic acid sequence. This permeabilization depends not only on the tissue, the type and extent of fixation, and the thickness of the section but also on the length of the probe. Commonly, diluted acids, detergents, alcohols, and proteases, such as proteinase K, pronase, or pepsin, are used for increased permeabilization.
H m e r , excessive deproteinization results not only in decreased retention of the target nucleic acid sequence but also in deterioration of antigen expression, as well as of tissue and cell morphology (12, 17) . The destruction of antigenic determinants and epitopes is a major disadvantage of combining immunocytochemistry with ISH. After proteolytic treatment, the morphology of the tissue is poor, especially in cell cultures. For more exact localization of ISH products, less drastic denaturing of the tissue is required. Consequently, a variety of alternative methods for fixation, embedding ( for ISH. However, lowering proteinase treatment often results in a weaker ISH signal.
In immunohistochemical studies, saponin has been used to improve permeabilization of cells for antibody molecules without major changes of cell ultrastructure (18,28). Since it has been shown that saponin also improves permeation of RNAs across the membrane of fixed cells (23), we investigated the usefulness of saponin treatment for ISH as compared to the more widely practiced treatment with non-ionic detergents combined with proteinases. As target nucleic acid sequences we demonstrated viral mRNA and viral genome in tissue cultures and paraffin sections. In addition, we also studied the localization of "As coding for myelin proteins in brain cell cultures.
Materials and Methods

Cell Czdtures and Vimses
Two types of tissue cultures, African Green Monkey kidney cells (Vero), a commonly used cell line for virological studies, and primary dog brain cell cultures (DBCC) were used. These cultures were prepared and characterized as described before (29). Briefly, cerebella from neonatal dogs were mechanically dissociated and seeded in petri dishes containing poly-tlysine (PLL)-coated glass coverslips and tissue culture medium. The cultures were kept at 37'C in 5% CO2 and water-saturated atmosphere. The initial culture medium was left for 4 days and then changed every 2 days. DBCC contain many macrophages and large numbers of glial cells, such as astrocytes and oligodendrocytes, the myelin-producing cells.
Confluent 10-14-day-old DBCC and nearly confluent Vero cells were infected with either of two different canine distemper virus (CDV) strains, 1 x lo2.' tissue culture infectious doses (TCIDlo) A75/17 or 1 x 10' plaque-forming units (pfu)lml Onderstepoort CDV (OP-CDV) per petri dish. CDV are single-stranded RNA viruses of negative polarity. Cultures infected with OP-CDV were harvested and fmed 24 hr post infection (p.i.), and confluent DBCC were infected with A75117 and harvested 14 days pi.. using 4% paraformaldehyde in PBS for 20 minutes at room temperature. After fixation, cultures were dehydrated in graded ethanol and stored at -20'C until further processing. Corresponding uninfected cultures were treated similarly and served as negative controls.
Paraflin Sections
To demonstrate viral nucleic acid sequences in brain sections, specific areas from dogs with acute canine distemper were selected. After immersionfixation with 4% buffered formalin, the tissues were processed for paraffin embedding. Five-pm thick sections were cut. mounted on gelatin-coated slides, and stored at room temperature until further processing.
RNA Probes
Virus. CDV-infected cells were demonstrated with two virus probes, one coding for OP-CDV nucleocapsid protein (NP; 220 BP pairs, kindly provided by Dr. W. Mitchell, Cornell University, New York) and one for A75/17 NP protein (1000 BP, prepared in our laboratory). The complementary RNA probes were labeled as described below.
Oligodendrocytes. These myelin-producing cells were identified in DBCC with clones coding for human associated glycoprotein (MAG), myelin basic protein (MBP), and proteolipid protein (PLP) (American Type Culture Collection; Rockville, MD). Linearized sense and anti-sense complementary RNA (cRNA) probes were labeled by the in vitro transcription run-off system with either SP6-or T7-RNA polymerase and [31S]thiophosphate-UTF' as prescribed by the vendor (Boehringer; Mannheim, Germany). The size of the RNA probes was limited to a maximum of 200 BP by mild alkaline treatment. Specific activity of the probes ranged from 6.0 to lo6 cpmlpg to 1.5 x lo7 cpmlpg.
Tissue Preparation for In Situ Hybridization
All solutions for this study were prepared in DEPC-treated water. The two procedures used are summarized below. 
A. Proteinase K B. Saponin
In Situ Hybridization
Post-hybridization WasheJ
After hybridization, excess labeled RNA was removed by repeated washes with 4 x SSC for 10 min at 37'C. followed by digestion in 1 Ulpl RNAse T1 and 20 pglml RNAse A in 0.5 M sodium chloride, 10 mM Tris, pH 7.5, 1 mM EDTA for 30 min at 37'C, two times 2 x SSC for 10 min at 37'C, 50% formamide in 2 x SSC overnight at 52'C. Then the samples were washed again with 2 x SSC for 10 min at 52"C, 0.1 x SSC for 10 min at 45'C. and dehydrated.
Autoradiography
All samples were then dipped in NTB-2 nuclear track photo emulsion (Kodak) and exposed at 4'C for 6 days. After exposure, the slides were developed and mounted as described before (3).
Euahation of In Situ Hybridization
All preparations were examined with a light microscope equipped with differential interference contrast (DIC) optics. Improved morphological resolution was obtained by contrast-enhanced video microscopy. The quantity and strength of ISH signal were determined by counting the number of positive cells per coverslip and the number of grains per positive cell. These numbers were statistically evaluated with the t-test.
Tissue Cul'tures
Morphology. The morphology of the saponin-treated tissue cultures did not noticeably differ from untreated controls (Figure l) . The cell boundaries and cell processes were well preserved. The suucture of the nucleus and of vesicular and tubular profiles in the cytoplasm could be well resolved by contrast-enhanced video microscopy (Figure l) . However, the cell cultures were severely damaged after proteinase treatment (Figure 2 ). Only nuclei were still recognizable as such. Cell boundaries, cell processes, and other cell organelles were no longer discernible.
In Situ Hybridization. Overall, the level of detection of virus (Figures 3 and 4) better than after proteinase K treatment. More in situ hybridizationpositive cells could be detected in the cultures pre-treated with saponin than in those incubated with proteinase K. The number of grains per positive cell was higher in the saponin-treated cultures ( Table 1 ). The probes complementary to the positive-sense viral RNA (which is mainly mRNA in a morbillivirus infection) gave stronger signals than the one complementary to the negative-sense RNA (which is the genomic RNA of the morbilliviruses). This can be expected in a highly replicative infection with negative-stranded RNA viruses. More genomic viral RNA was detected in saponintreated infected tissue cultures than in the cultures treated with proteinase K. Only after high concentrations of proteinase K could comparable results be obtained. However, this massive deproteinization resulted in severe morphological impairment of the cultures.
To identify oligodendrocytes in DBCC, we used probes recognizing mRNAs coding for myelin proteins (MAG, MBP, and PLP). Four-week-old brain cell cultures contain many oligodendrocytes ( 5 ) . With these probes we recognized focal accumulation of grains in single cells. Saponin treatment with these probes also resulted in a more effective hybridization (Tables 2 and 3) than the proteinase method. More positive oligodendrocytes were detectable in the saponin-treated cultures ( Table 2 ). In addition, the intensity of hybridization per positive cell was stronger in the saponintreated cultures ( Table 3) . Neither saponin nor proteinase K treatment resulted in an increase of background.
Paraflin Brain Sections
In addition to the cell cultures, the saponin method was also tested on paraffin sections and compared with the regular proteinase K treatment. ISH was performed on sagittal brain sections of dogs with acute CDV encephalitis. Virus-infected cells were demonstrated with the probe complementary to the CDV A75117 nucleocapsid protein. CDV-infected, ISH-positive cells were primarily localized in the acute lesions. The distribution of the ISH-positive cells was similar to that of the viral antigen-containing cells, as determined by immunohistochemistry (data not shown). Both methods, proteinase K treatment and saponin treatment, preserved the morphology of the tissues equally well. Similar to the tissue culture results, saponin treatment resulted in a more effective ISH than the proteinase K treatment. Genomic viral RNAs were detectable only after saponin treatment.
Discussion
The commonly used procedures for ISH require treatment of the tissue with proteolytic enzymes, resulting in considerable loss of morphological detail. The a i m of this study was to establish an ISH method allowing good preservation of tissue morphology in cell cultures and paraffin sections by use of saponin instead of proteinase treatment. In our hands this procedure has several advantages over more strongly denaturing methods: (a) the morphology of the cells and tissues is maintained; (b) the sensitivity of the ISH is at least membranes. Saponins are naturally occurring, water soluble, highly surface-active plant glycosides (4). At low concentrations (0.005-0.015%). saponin has been used to permeabilize the plasma membrane of different cell types and at higher concentrations also the intracellular membranes or vesicles. This effect results from the binding of saponin to cholesterol and other P-hydroxysteroids present in biological membranes (1,2,13) . The excellent preservation of cell morphology, despite the membrane-perforating activity of saponin, can be explained by the fact that intracellular membranes such as those of the endoplasmic reticulum and mitochondria contain only negligible amounts of cholesterol (6,7,26) . Electron micrographic studies demonstrated holes or pits arranged in a hexagonal array and extrusions on the surface membranes of tissue cells after treatment with low concentrations of saponin (2,13). The holes or pits varied in size from 70-1000 nm in diameter depending on the membrane studied (6). Thelestam and Mollby (23) reported that the saponin-treated membranes are permeable to RNAs with a molecular size of 200 m or greater. The hydrolyzed probes in our study are 50 to maximally 200 BP long, their estimated molecular weights less than 100 KD, and their sizes less than 100 nm. Therefore, the saponin-induced holes were wide enough for our probes to pass through.
Once the probes enter the cell, hybridization with the target nucleic acid sequence is further improved after removal of the nucleic acid binding proteins. Whereas such an effect is probably obtained by the application of proteolytic enzymes, such as proteinase K, a similar activity of saponin is unlikely, based on what is known about its biochemical structure and activity. However, the commercially available preparations, such as the one used in this study, are plant extracts and contain, in addition to saponin, a multitude of other molecules. One of these could be saporin, a ribosomeinactivating protein (21, 22) . It is conceivable that such compounds can improve accessibility of the target nucleic acid sequence. More research is necessary to clarify this question.
